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The Eucaryal tRNA Splicing Endonuclease
Recognizes a Tripartite Set of RNA Elements
E. Di Nicola Negri,* S. Fabbri,² In Xenopus, the tRNA splicing endonuclease recog-
E. Bufardeci,² M. I. Baldi,* nizes several different intron-containing tRNA precur-
D. Gandini Attardi,* E. Mattoccia,* sors (Otsuka et al., 1981). The enzyme must deal either
and G. P. Tocchini-Valentini*³ directly or indirectly with features shared by all the pre-
* Institute of Cell Biology cursors (Gandini-Attardi et al., 1985; Baldi et al., 1986).
CNR Although the three-dimensional structures of precursors
Viale Marx 43 remain to be defined, calculation of free-energy minima
00137 Rome (Tinoco et al., 1973) and the use of chemical and enzy-
Italy matic structure-specific probes (Wrede et al., 1979) sug-
²Enichem gest that all the precursors examined share a common
Instituto Guido Donegani SpA tertiary structure (Swerdlow and Guthrie, 1984; Lee and
Laboratori di Biotecnologie Knapp, 1985) in which the tRNA portion of the molecule
00015 Monterotondo, Rome maintains essentially the same L-shaped conformation
Italy that exists in mature tRNA. Other shared features are
³Department of Biochemistry and Molecular Biology as follows: (i) the 39 splice-site junction is always single
University of Chicago stranded; (ii) the introns occupy the same relative loca-
Chicago, Illinois 60637 tion, interrupting the anticodon loop 1 base after the
anticodon; and (iii) strictly conserved sequences are ab-
sent from the splice junction.
Summary The exact way in which the endonuclease recognizes
the precursors has yet to be determined, but many RNA±
The tRNA splicing endonuclease cleaves intron-con- protein interactions are presumably required. Previous
taining tRNA precursors on both sides of the intron. studies have shown the role of the three-dimensional
The prevailing belief has been that the enzyme binds structure and of specific invariant bases of the mature
only to the mature domain through the invariant bases. domain in recognition and binding by the enzyme (Reyes
We show instead that, for recognition, the endonucle- and Abelson, 1987; Mattoccia et al., 1988). The impor-
ase utilizes distinct setsof structural elements, several tance of structural regularities in the precursors sug-
of which are within the intron. One subset of recogni- gested that an anchor-and-measure mechanism might
tion elements, localized in the mature domain, is
exist in which the endonuclease binds to one or more
needed for recognition of both cleavage sites, while reference sites in themature domain, which are common
two other subsets, localized at theexon±intron bound-
to all pre-tRNAs, and measures the distance to thearies, are used for recognition of either one or theother
equivalently positioned intron±exon junctions. This hy-cleavage site. The two cleavage sites are essentially
pothesis was supported by experiments that involvedindependent: neither is required by the other for cleav-
the engineering of changes in the distance that sepa-age to take place. These results support a two-active-
rated the mature domain from the splice sites. Thesesite model for the eucaryal endonuclease.
alterations changed thesize of the intron in a predictable
way. The insertion of 1 bp in the anticodon stem in-Introduction
creases the size of the intron by 2 bases, one at each
end, and the insertion of 2 bp in the anticodon stemRNA±protein interactions require mutual recognition of
increases the size of the intron by 4 nt (Mattoccia et al.,two complementary tertiary structures. To discover the
1988; Reyes and Abelson, 1988). These striking results,general principles that govern how enzymes achieve
which had been observed in specific instances, werespecific recognition of their RNA substrates, we asked
generalized and taken to mean that there are no impor-ourselves how the information required for substrate
tant recognition elements at the intron±exon boundariesspecificity might be encoded in an RNA sequence. As
and that the enzyme binds only to the mature domain.a paradigm, we utilized a system characterized by a
Utilizing a large number of constructs and in vitrosingle enzyme, the tRNA splicing endonuclease, that
selection techniques, we recently found evidence thatrecognizes several different substrates.
tRNA introns also contribute to the specificity of splice-The splicing of most RNAs with introns depends on
site recognition (Baldi et al., 1992; Bufardeci et al., 1993).structures or specific sequences that lie primarily within
There are also positions in the mature domain that par-the introns themselves and occurs by means of transes-
ticipate in the splicing reaction, though they are notterification reactions in which bond breakage is coordi-
occupied by the same bases in all pre-tRNAs. We callednated with bond formation. A striking exception to this
these positions ªcardinal positionsº (CPs) (Figure 1). Thepattern is the splicing of tRNA precursors in eukaryotic
Xenopus endonuclease is able to cut a precursor at thenuclei, which strongly depends on the tRNA-like struc-
39 site if a base in the pre-tRNA single-stranded loop ofture of the exons and involves separate cleavage and
the intron is allowed to form an anticodon-intron (A-I)ligation reactions: an endoribonuclease controls the
base pair with the base of the 59 exon situated at theprecision of splicing by specifying cleavage at both the
position immediately following the anticodon stem (po-59 and 39 splice sites, forming a substrate that is subse-
sition 32 in yeast pre-tRNAPhe). This position in the 59quently ligated by a different enzyme (Abelson, 1979;
Westaway and Abelson, 1995). exon is the first cardinal position (CP1). Normally, either
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U or C is found at CP1, but we found that a purine can (Km and kcat relative to wild type: circular, 0.5, 0.8; G48
start, 3.1, 2.0; G54 start, 3.7, 1.1). The reasonable cleav-also work if it has an appropriate pairing partner (Baldi
et al., 1992). A second cardinal position (CP2) is located age efficiency of substrates containing interrupted in-
tervening sequences is important because it allows usat the 59 end of the 39 exon and participates in the
determination of the 39 splice site. These observations to consider the intron as two independent segments,
one connected to the 59 splice site (segment II) and thesuggested that important recognition elements might
also lie at the intron±exon boundaries; at the time, how- other to the 39 splice site (segment I) (Figure 1). The
separate analysis of the role of these intron segmentsever, we were unable to identify their features.
In this paper, we show that the Xenopus laevis endo- in recognition of the respective cleavage sites is further
facilitated by the random order of the two cleavages bynuclease utilizes several independently acting sites on
the RNA. In addition to the mature-domain elements, we the endonuclease; neither event depends upon prior
cleavage at the other site (Miao and Abelson, 1993). Weidentify two subsets of elements required for cleavage at
either one or the other site. These two specific subsets use the original designations for the 39 and 59 cleavage
sites, although their relative positions are, of course,act independently of one another, exert predominantly
local effects, and include elements that are localized changed in these precursors.
in the intron. Our results, obtained studying the intron
excision reaction using various substrates, complement Intron Requirements for Cleavage at the 39 Site
those obtained from studies of the endonuclease en- We studied cleavage at the 39 site using substrates
zymes reported in the accompanying papers by Trotta whose segments I differed. A form of the G54-start RNA
et al. and by Kleman-Leyer et al. in which the U at position 55 was deleted is inactive for
39 site cleavage, although cleavage at the 59 site is still
Results efficient (data not shown). We conclude that segment I
must be at least 3 bases long. This result fits in with
Precursors Interrupted in the Intron the requirement that the A-I base pair be formed with
are Good Substrates the 23 or 24 base of the intron (Baldi et al., 1992).
To facilitate the independent analysis of the 59 and 39
ends of the intron in pre-tRNAPhe, we utilized precursors
Intron Requirements for Cleavage at the 59 Sitethat were interrupted in the intron. When the ends of
To determine sequence and/or structural requirementsmature tRNAPhe are joined by T4 ligase to form a circular
for cleavage, we analyzed several substrates with dif-molecule with the acceptor end closed in a loop, the
fering segments II. A precursor with an intervening se-circular tRNA that results has activities similar to those
quence composed entirely of As (except for G at positionof linear forms, both as far as cleavage by Pb21 (Pan
23, required for the formation of the A-I pair) was activeand Uhlenbenk, 1992) and cleavageby RNase P (Carrara
(data not shown). This agreed with previous results thatet al., 1995) are concerned. The circular form of the
showed that there are few sequence requirements forprecursor and the linear isomers with 59 ends at position
the intron, especially in the vicinity of the 59 splice site.48 (G48 start) or at position 54 (G54 start) are all quite
Requirements for cleavage at the 59 splice site wereactive substrates for the tRNA splicing endonuclease
studied using substrates in which the length of segment
II varied and segment I was maintained as GUU. The
latter segmentwas efficiently cleaved in all theseprecur-
sors. Figure 1 shows a series of pre-tRNAs with varied
segments II composed of increasing numbers of A resi-
dues. All are active at the 39 site. The disappearance of
intermediate b, cleaved at the 39 but not at the 59 site,
is proof of an active 59 site. Segment II must be at least
4 bases in length (Figure 1, lane 3) for cleavage at the
59 site to occur. A segment II containing a stretch of
eight As is a very efficient substrate (Figure 1, lane 5).
Base-identity dependence is slight, since the As can be
substituted with homopolymers of any of the other 3
bases, although the four homopolymeric segments II
are rankable in the order U . A . C . G in terms of
their activities (data not shown).
Effects of Intron-Proximal Exon Positions
on the Opposite Cleavage Site
Figure 1. Products of Digestion of Uniformly Labeled G54-Start Having established which features of the intron portion
RNA and Variants by Xenopus tRNA Splicing Endonuclease of the splice junctions are required for the substrate to
Electrophoretic mobilities of endonuclease cleavage products using be active, we turned our attention to the exon regions
precursors that have been truncated at the different positions indi- of the junctions. Once again, we utilized isomers in which
cated (numbers 1±6). The composition of the resultant segment II
the original 59 and 39 ends of the pre-tRNA were fusedis as indicated (n, nucleotides; A, adenosine residues). a, uncleaved
together. One whole intron segment and portions ofprecursors; b, intermediate cleaved at the 39 site only; c, products
that are cleaved at both 39 and 59 sites. its flanking exon region were then deleted, in order to
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Figure 3. Introns Consist of Two Domains
(A) Cleavage of uniformly labeled pre-tRNAPhe variants with introns
of different lengths by the Xenopus tRNA splicing endonuclease.
The intron length varied between 4 (n 5 1) and 12 (n 5 9).
Figure 2. Effects of Intron-Proximal Exon Positions on the Cleavage (B) Effects of the A-I pair on the cleavage by the Xenopus tRNA
at the Opposite Site splicing endonuclease of uniformly labeled substrates with introns
8 bases long. The gels display electrophoretic separation of endonu-(A) Endonuclease cleavage products at the 39 site of substrates in
clease cleavage products. Lane 1, wild-type tRNAPhe; lane 2, variantwhich the 59 side of the intron and adjacent exon segments have
with an intron 8 bases long (the A-I pair can form); lane 3, variantbeen truncated at the positions indicated (numbers 1±4).
with an intron 8 bases long (the A-I pair cannot form).(B) Endonuclease cleavage products at the 59 site of substrates in
which the 39 side of the intron and adjacent exon segments have
been truncated at the positions indicated (numbers 1±4).
long. These results are consistent with those obtainedPartial ribonuclease T1 digest (T1) and partial alkaline hydrolysis
using interrupted introns. To obtain efficient cleavageproducts (OH2) of G48-start RNA are included as size markers.
at both sites, segment I must be at least 3 bases long
and segment II at least 8 bases in length, making a total
of 11 bases, precisely as was observed in the small-observe what effects this would have at the opposite
splice site. intron substrates. In order to be excised, the uninter-
rupted intron must have 2 bases 39 to the base thatFigure 2A shows that deletions stretching into the 59
exon up to the CP1 position have no effect on cleavage interacts with the base at CP1 and at least 8 bases at
the 59 side. It appears, therefore, that an active intronat the 39 site. Removal of the nucleotide at position
CP1, however, results in nearly complete inactivation. consists of two domains, one extending from the 59
splice site to the position of the base participating inDeletions in the 39 exon (see Figure 2B) cause total
inactivation only when the anticodon stem is altered. the A±I interaction (Baldi et al., 1992), the other including
the latter base and extending up to the 39 splice site.
The two domains clearly correspond to segments I andThe Uninterrupted Intron Consists of Two
Domains Corresponding to Segment I II, and from now on we will refer to them as domains I
and II.and Segment II
To verify whether the requirements for cleavage at the
39 and 59 sites that had been determined utilizing precur- Small Introns Can Have Only One
of the Two Domainssors interrupted in the intron were valid also for precur-
sors with uninterrupted introns, we produced a series Figure 3A, lanes 2, 3, and 4, shows that, using substrates
capable of forming the A-I pair, precursors with intronsof precursors containing introns of reduced size. These
precursors had the sequence GUU at the 39 junction, 6±10 bases long are efficiently cleaved only at the 39
site and, therefore, have only domain I. What happenspreceded by an increased number of adenosine resi-
dues. They also had C at CP1; so, in principle, they if the A-I pair cannot form and, consequently, there is no
domain I? Figure 3B, lane 3, shows that such a substrateshould all have been able to form a C-G base pair,
satisfying the A±I interaction requirement (Baldi et al., characterized by an 8-base intron is cleaved only at the
59 site. The substrate, therefore, has a domain II. Thus,1992; Bufardeci et al., 1993).
Cleavage occured efficiently at both sites (Figure 3A, small introns (6±10 bases long) can have only one of the
two domains. If an A-I pair is present, they have domainlanes 4 and 5), with the consequent release of the intron
taking place only when the intron was at least 11 bases I; if the A-I pair is absent and the intron is at least 8
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bases long, they have domain II. These experiments wild type. Presumably, a subset of the mature-domain
elements has been removed or, at any rate, is no longerdemonstrate the autonomy of the two domains.
Introns less than 5 bases in length are not cleaved at active.
Since we are dealing with a weak substrate, we needeither site (Figure 3A, lane 1) (Haselbeck and Greer,
1993). Presumably, this is because the A±I interaction to be particularly careful in concluding that the products
that we examine result from the action of the endonucle-cannot form even if the hydrogen-bonding requirements
for pairing are satisfied. The 39 site, therefore, cannot ase. Pyrimidine-A (Y-A) bonds have been reported to be
much less stable, generally, than other phosphodiesterbe cleaved: the requirement of at least 8 bases in the
length of the intron for cleavage at the 59 site is not bonds (Kierzek, 1992), with chemistry paralleling that of
the reaction catalyzed by the splicing endonuclease.satisfied.
In ADRNA (as in pre-tRNAPhe), the 39 junction is also
characterized by a Y-A bond. It is very important toVariants Lacking Specific Portions
make sure that the cleavage is due to the endonucleaseof the Mature Domain
and not to a spontaneous chemical event. As expected,We tested the role of the mature-domain elements by
the double-mutant U55A-U56A does not break sponta-creating variant yeast pre-tRNAPhe substrates lacking
neously at the 39 junction upon replacement of the U-Aspecific portions of themolecule. To design the variants,
with an A-A bond, nor is there any effect exerted by
we considered the directionality of the phosphodiester
polyvinylpyrrolydone, which normally increases sponta-
backbone and the location of nucleotides that are in-
neous Y-A cleavage (Kierzek, 1992) (data not shown).
volved in base pairing and tertiary interactions. We were
Figure 4A, lane 6, shows that the double mutant is still
guided by the crystal structure of yeast tRNAPhe (Kim et
cleaved by the endonuclease at both the 59 and at the
al., 1973) and by the consensus structure for pre-tRNAs
39 sites.(Swerdlow and Guthrie, 1984; Lee and Knapp, 1985).
Figure 4 shows a cloverleaf layout of pre-tRNAPhe and
of three types of variants. The first lacks the acceptor An Imperfect Anchor Operates in ADRNA
We have seen that the deletion of the acceptor stemstem (ADRNA) (Figure 4A). The second contains only the
extended anticodon stem; acceptor stem and D and T affects the reference subset of the recognition set. The
mutation A57C, which is perfectly tolerated in the full-stem and loops have been deleted (ATDDRNA) (Figure
4C); the two Gs at the 59 end of ADRNA and of ATDDRNA length pre-tRNAPhe, leads to an inactive substrate in the
ADRNA background (data not shown).Position 57 corre-were added to optimize T7 transcription (Milligan and
Uhlenbeck, 1989). The third contains only 2 base pairs sponds to CP2 and has a role in the specification of the
39 splice site (Baldi et al., 1992; Bufardeci et al., 1993).of the extended anticodon stem (U´G and G´C), and the
remaining portion of the stem and the loop have been In wild-type pre-tRNAPhe, the subset of the elements
localized in the mature domain works as an anchor.substituted by the 59-GCAA-39 tetraloop (mini-RNA) (Fig-
ure 4D); to optimize T7 transcription, the second base When 2 base pairs are inserted between the fourth and
fifth base pair of the anticodon stem, the endonucleasepair of the stem has been converted from C´G to G´C.
Enzymic probing supports the existence of thepredicted produces halves of normal size and an intron that is 2
bases longer at both ends (Mattoccia et al., 1988). Figurestems and loops in all the variants (data not shown). In
the case of a complex molecule like ADRNA, it is impor- 4B shows that, when the insertion is introduced in AD-
RNA, the endonuclease produces three cuts in the 39tant to make sure that neither distortion nor gross mis-
folding result from the elimination of the acceptor stem. splice-site region and that, of the 39 halves produced,
the first is the same size as the half derived from ADRNAA structural assay involving specific Pb21 cleavage has
been successfully used to detect gross misfolding in without insertion, the second is 1 base shorter, and the
third is 2 bases longer (Figure 4B, lane 1). The determina-yeast tRNAPhe (Behlen et al., 1990). Since ADRNA (and
pre-tRNAPhe) is cleaved by Pb21 between U17 and G18, tion of the 39 cleavage site, therefore, is not unambigous.
Partial anchor activity can be detected, since we ob-just like mature tRNA (data not shown), we conclude
that ADRNA probably folds in the same way as tRNAPhe. served the production of a 39 half of the same size as
the half derived from the substrate without insertion
(Figure 4B, lane 5), but it is not sufficient to determineADRNA Is Cleaved at both Sites
completely the cleavage site. No cleavage at all is ob-by the Splicing Endonuclease
served at the 59 end (data not shown), again indicating
Having established that the deletion of the acceptor
that the anchor is defective.
stem causes neither distortion nor gross misfolding of
the remaining RNA, we sought to find out whether AD-
RNA is correctly recognized and cleaved by the endonu- Elimination of the Mature-Domain Recognition
Elements Preferentially Affectsclease. Figure 4A, lane 4, shows that precise cleavage
occurs at both the 59 and 39 sites, since the intron pro- the 59 Cleavage Site
When 2 base pairs are inserted in the anticodon stemduced with uniformly labeled ADRNA has the same size
as the intron excised from the wild-type precursor (Fig- of ADRNA, no cleavage occurs at the 59 site; three cleav-
ages are instead observed at the other site. This mani-ure 4A, lane 2). The precision of the cleavages was
confirmed by sequencing the products of the reaction fest asymmetry is present also in ATDDRNA. Figure 4C
shows that this substrate is cleaved only at the 39 cleav-with 59 and 39 end-labeled substrates (data not shown).
Deletion of the acceptor stem, however, significantly age site, although a bona fide 59 splice site is present.
We conclude that the59 sitecleavage is more dependentaffects the kinetic parameters (Km 5 67 3 10210 M;
kcatrel 5 1); ADRNA is not as good a substrate as the on the mature-domain elements than the other site. To
Pre-tRNA Recognition by Splicing Endonuclease
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Figure 4. Products of Digestion of Pre-
tRNAPhe and of Variants Lacking Specific Por-
tions of Mature Domain by the Xenopus tRNA
Splicing Endonuclease
(A) Lanes 1 and 2, uniformly labeled pre-
tRNAPhe; lanes 3 and 4, pre-tRNAPhe/AD; lanes
5 and 6, pre-tRNAPhe ADU55A-U56A. In lanes
1, 3, and 5, the precursors were incubated in
the absence of the enzyme.
(B) Lanes 1 and 2, 39-end labeled pre-tRNAPhe/
AD, (U·AG·C),; lanes 3±6, 39-end labeled pre-
tRNAPhe/AD. Lane 3, partial alkaline hydroly-
sis; Lane 4, partial ribonuclease T1 digest. In
lanes 2 and 6, precursors were incubated in
the absence of the enzyme.
(C and D) Products of digestion by the Xeno-
pus tRNA splicing endonuclease of pre-
tRNAPhe variants lacking specific portions of
the mature domain. (C) 39end labeled pre-
tRNAPhe/ATDD. (D) 39end labeled (1), mini; (2),
mini G54C; (3), mini G54C±C32G; (4), mini
(U·AG·C),. OH, partial alkaline hydrolysis; T1, par-
tial ribonuclease T1 digest; E, precursors in-
cubated in the presence of the enzyme.
be sure that the cleavage we observed was due to the was completely dependent on the A-I pair (Figures 4D2
and 4D3). A substrate lacking the mature-domain ele-action of the endonuclease, we relied on the rule that a
39 splice site is cleavable only if there is an A-I pairing. ments should not present the measuring phenomenon.
Figure 4D4 shows that when a 2 bp insertion is intro-When the mutation G54C is introduced, the A-I pair
cannot form and the mutant substrate is not cleaved. In duced in the stem of mini-RNA, the endonuclease pro-
duces a 39 half that is 2 bases longer than normal. Wethe doublemutant, the introduction of the compensatory
mutation C32G permits the formation of an A-I pair, and conclude, therefore, that although some residual anchor
activity may be detected in ADRNA, such activity is com-cleavage is observed (data not shown).
pletely absent from mini-RNA.
Autonomy of the 39 Cleavage Site
Having established that the 39 splice site can function at Discussion
least to some extent even in the absence of the mature-
domain elements, we constructed a mini-RNA substrate We have shown that, in order to recognize substrates,
the eucaryal tRNA splicing endonuclease utilizes a num-that completely lacked the 59 splice site. Figure 4D1
shows that the mini-RNA was cleaved at the 39 site and ber of distinct subsets of elements, several of which are
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contained in the intron. One of these subsets, localized A special situation is generated when one deals with
small introns that are 8±10 bases long (Figure 3B). Inin the mature domain, is needed for recognition of both
cleavage sites, and two other subsets, localized at the this case, the two domains compete for existence and,
depending on whether the A-I pair is able to form, eitherexon±intron boundaries, are used for recognition of ei-
ther one or the other cleavage site. A pivotal role is domain I or domain II wins out.
Molecules lacking the set of the mature-domain ele-played by a base pair formed by the base located at a
position immediately following the anticodon stem and ments have an active 39 splice site. As might be ex-
pected, measuring is not at work in these substrates,a base of the intron (the A-I pair) (Baldi et al., 1992;
Bufardeci et al., 1993). A bipartite recognition set in because the anchor is missing. In the pre-tRNA mole-
cules that were the object of these studies, the set ofarchaeal substrates corresponds to the tripartite recog-
nition set that characterizes the eucaryal substrates; the the mature-domain elements is absolutely required for
cleavage at the 59 site but not for cleavage at the 39 site.mature domain is not required by the archaeal endonu-
clease. The archaeal pre-tRNAs appear to contain two In the various natural pre-tRNAs, the relative importance
of the three sets may vary, producing different degreesA-I base pairs, though both are part of a 4 bp stem that
separates the two bulging splice-site loops (Kleman- of integration among the components of the set.
It has been suggested that the mature-domain ele-Leyer et al., 1997 [this issue of Cell]). The finding that
the eucaryal endonuclease, like the archaeal enzyme, ments consist of the invariant bases, since the endonu-
clease recognizes several intron-containing tRNA pre-requires specific structures at the exon±intron bound-
aries lends further support to the hypothesis that tRNA cursors. In vitro selection experiments (Tuerk and Gold,
1990; Nazarenko et al., 1994) carried out with moleculesintrons and their processing enzymes have a common
origin (Kleman-Leyer et al., 1997; Trotta et al., 1997 [this containing an interrupted intervening sequence showed
that the winner had bases that differed from the con-issue of Cell]).
served ones at 11 out of the 12 originally invariant ran-
domized positions (S. F. et al., unpublished data). Since
The Tripartite Recognition Set the winner is an excellent substrate, this result strongly
In principle, the mature-domain elements and an an- suggests that what the enzyme actually recognizes is
chor-and-measure mechanism should suffice to specify the shape of the molecule.
the cleavages; in reality, however, the enzyme requires
additional substrate features that differ for the two cleav-
age sites. The tripartite nature of the recognition set, Recognition of Substrates in Eucaryotes and
in Archaea: Evolutionary Implicationswith its built-in hierarchy of interactions, both ensures
cleavage precision and prevents inappropriate cleavage RNA±protein interaction implies the merging of two
complementary structures. It seems appropriate to hy-of other RNAs. A recognition set consisting of only the
mature-domain elements, for example, might lead to pothesize that three distinct sets of elements within the
eucaryal endonuclease interact with the three differentcleavage of tRNAs without introns and previously
spliced tRNAs. Our past observations suggested that sets of RNA elements. In their paper, Trotta et al. pro-
pose a two-active-site model for cleavage of pre-tRNAthere could be important recognition elements at the
intron±exon boundaries (Baldi et al., 1992), but we were by the yeast tRNA splicing endonuclease. According to
their model, two of the four subunits of the enzyme,unable to specify their features. The additional specifici-
ties are not achieved by any strictly conserved se- Sen2p and Sen34p, contain an active site each for cleav-
age of the 59 and 39 splice sites, respectively. Thequences in the splice-site regions but, rather, by more
subtle structural features. The modular nature of the Sen54p subunit handles the interaction with the mature-
domain.recognition set spurred us to examine the construction
of molecules lacking one of the three subsets of RNA In thepaper by Kleman-Leyeret al., thearchaeal endo-
nuclease is shown to exist as a homodimer. The enzymeelements. The interrupted intron of some precursors
may be considered as two independent segments, one contains two active sites, one in each monomer; the
symmetrical bulge-helix-bulge RNA presents the sameconnected to the 39 splice site (segment I) and the other
to the 59 site (segment II). The analysis of the role these relative RNA structure at each active site.
Trotta et al. and Kleman-Leyer et al., report that theintron segments play in the recognition of their respec-
tive cleavage sites indicates that segment I must be at Sen2p and Sen34p subunits of the yeast splicing endo-
nuclease, the single homodimeric Haloferax volcaniileast 3 bases long, that the base at position 23 must
be part of the A-I base pair (Baldi et al., 1992), and tRNA splicing endonuclease, and the enzymes from
other Archaea are all members of the same gene family.that segment II must be at least 8 bases long. The two
cleavage sites are essentially independent: neither Their results indicate that the region of homology shared
by these proteins includes the active-site residues. Theneeds be present for the other to be active.
An active intron consists of two domains, one ex- endonuclease active site is apparently a primitive
function.tending from the 59 splice site to the position of the base
that participates in the A±I interaction, the other starting Our results, obtained studying the mechanism of in-
tron removal using various substrates, complementat the latter base and extending up to the 39 splice site.
The two domains correspond to segments I and II of those obtained from studies of the enzymes reported in
the accompanying papers by Trotta et al. and Kleman-a precursor with an interrupted intron. These results
complement those obtained by Trotta et al. and support Leyer et al. The Xenopus endonuclease has distinctly
different requirements for cleavage at the 59 and 39 sites,a two-active-site model for the eucaryal endonuclease.
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Determination of Adenosine Residueswith the 39 site showing less dependence on mature
The differing numbers of adenosines residues that composed seg-tRNA structure.
ment II in the variant precursors was determined by partial digestion
under denaturing conditions with U2 endonuclease (adenosine spe-
cific; Pharmacia) using the RNA precursors labeled at the 39 endExperimental Procedures
with [32P]pCp.
Preparation of Pre-tRNA Variants
Templates for the synthesis of G48-start RNA, G54-start RNA, and Endonuclease Assay
intron-interrupted precursors were constructed by PCR. The PCR Labeled precursors (0.7nM) were incubated in 30 ml reaction mixture
template was a 76 nt oligonucleotide with the sequence of the 39 containing 10 mM HEPES (pH 7.5), 7 mM MgCl2, 70 mM NH4Cl, 2.5
and 59 exons fused together. Variants were obtained by varying mM dithiothreitol, 10%glycerol (v/v)with 10 ml of purified endonucle-
the sequence of the primers used. One primer contained the T7 ase at 228C for 30 min, 15 min (AD), or 10 min (ATDD- and mini-
promoter, the desired sequence of intron segment I followed by 16 RNAs). Cleavage products were analyzed by gel electrophoresis on
nt from the 59 end of the template. The other primer was composed 12% or 20% (ATDD- and mini-RNAs) denaturing polyacrylamide
of the desired sequence of intron segment II followed by 16 nt from gels.
the 39 end of the template. Pre-tRNAPhe variants with uninterrupted
introns of different lengths were prepared by PCR using as template Circularization
for each variant an oligonucleotide comprising the 59 exon, the Circularized precursors were prepared from the linear form as pre-
desired intron and the 39 exon. viously described (Bufardeci et al., 1993).
PCR was performed in 100 ml reaction containing 5±10 fmol of
template, 100 mM of each primer, 125 mM dNTP, 1.5 mM MgCl2, 50 Acknowledgments
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